An underwater optical serial-sectioning technique is developed to measure in situ three-dimensional distributions of biological particles. The technique involves scanning of a thin plane of laser light through a range of distances parallel to the imaging plane of a digital CCD camera. Images of induced fluorescence in the sequentially illuminated planes are recorded. An inverse method is then used to reconstruct three-dimensional chlorophyll a distributions from the plane images. Computer simulations of the image formation and reconstruction process indicate that the underwater optical serialsectioning technique is practical for in situ determination and analysis of chlorophyll a microstructures for concentrations as low as 0.1 mg of chlorophyll a per cubic meter in 1--m 3 water volumes.
Introduction
Particles from various origins scatter and absorb light in the sea. In the euphotic zone, particles of biological origin play a key role in the control of the spectral as well as the spatial distribution of the ambient light field. The bulk of the biological contribution can be attributed to phytoplankton, whose nonuniformity has been postulated over a wide range of spatial andtemporal scales.", 2 Drivingthis nonuniform variation is an intricate interplay of physical and biological processes in both the vertical and the horizontal directions. Physical variations have been attributed to ocean surface wind speeds, turbulent advection, and internal waves. 3 Biologically related variations are a result of a complex intertwining of processes including uneven light penetration, varying nutrient concentrations, and localized predator-prey interactions. 4 Radiance patterns of underwater light fields are determined by the variation of both spectral absorption and scattering along optical path lengths. Knowledge of the variability of these attenuation components and the resulting light distribution is critical in underwater optics and marine biology. Illumination and reflected-light path modeling is a key element in performance predictions for underwater optical imaging systems. 5 In the biological realm the amount of photosynthetically available radiation accessible by phytoplankton crops determines the base of the food chain in the ocean.
The capability for studying small-scale spatial variations of in situ particulates and their effects on light fields has been advanced recently with the introduction of new digital cameras and structured illumination sources into underwater experimentation. In a related field the wide dynamic range and the low noise of digital cameras permit the radiometric measurement of point spread functions (PSF's) in various waters and the derivation of the water's modulation transfer function. 6 In another research field the isolation and imaging of thin planes underwater with structured lighting provides new insight into the spatial and size distributions of marine snow particles. 7 We have introduced the use of digital image acquisition and structured lighting in the development of a new underwater tomography technique designed to determine volumetric distributions of biological particles. 8 The technique consists of serially sectioning a volume optically and then subsequently reconstructing the biological distributions. The remote-sensing aspect of this underwater optical serial-sectioning technique permits microstructure information to be obtained without the naturally occurring distribu-tions being disturbed. In addition to its importance in studying ocean optics, possibilities also exist for gaining new insight in the studies of in situ oceanographic biological and physical processes. In this paper a presentation is made of the theory and the technique for determining small-scale three-dimensional chlorophyll a (Chl a) concentrations from serially sectioned images.
High-Resolution Three-Dimensional Sampling
One problem with measurement of phytoplankton microstructure in the ocean has been separation of the sampling scale from the temporal and the spatial scales of the physiological relationships. 9 Measurements of phytoplankton heterogeneity have been made with towed nets, deployed sample bottles, and pumping to remote sampling stations.' 0 -1 2 In these methods, direct measurements are made of the amount of specific phytoplankton pigments extracted from the sample.1 3 Phytoplankton, in its many thousands of species, contains various concentrations of numerous photosynthetic pigments. The amount and the primary production capability of the different types of chlorophyll, carotenoid, and biliprotein are related as much to the particular species as they are to the current health of the cell, the nutrient concentration in the water, and the cell light/shade adaptation.' 4 "1 5 Despite this variation, broad-scale sampling of oceanic waters has shown that the concentration of Chl a pigment alone can be roughly correlated to in situ phytoplankton concentrations.' 6 There are two major limitations, however, with physical sampling techniques for determining continuous small-scale (less than 1-m) variations in water properties. The first is the relatively large sample size of the sampling device compared with the small microstructure resolution size desired. The second is that the medium is physically disturbed during the removal of a sample for analysis.
Unique to Chl a, as with the other pigments, are distinct spectral absorption and fluorescence signatures. When a phytoplankton sample is illuminated with light at a blue-green wavelength, which corresponds to the peak in the Chl a absorption curve, fluorescence peaks at longer wavelengths in the visible spectrum are evident. One peak at 685 nm is roughly Gaussian in shape and has a full width at half-maximum emission of 25 nm. This 685-nm peak has proved useful in ocean optics and in biology because of its distinctive shape and its ease in isolation from other obscuring signals, such as Raman scattering.' 7 Special considerations must be made in attempting to correlate fluorescence levels with phytoplankton concentrations because the magnitude of fluorescence emission varies with the same physical and biological factors that control primary production. ' In situ optical instruments have been used extensively to measure phytoplankton distributions. The instruments have included conventional fluorometers, spectral transmissometers, and spectrofluorometers with optical fiber probes.18 2 0 An advantage of these instruments is the elimination of the need to withdraw water samples physically. Fluorescence and absorption are measured optically, without the need for laboratory pigment analysis. However, a disadvantage of the optical methods, as with physical sampling methods, is that they are unable to sample continuously at every point throughout an undisturbed volume. Fluorometers have been used to acquire linear profiles with fixed sample intervals, but neither physical sampling nor optical methods, to our knowledge, have been used to measure continuous three-dimensional Chl a concentration distributions.
A high-resolution two-dimensional image of light fluoresced from an in situ phytoplankton distribution provides the initial transition from a point sample in the ocean, as acquired by conventional fluorometers, to three-dimensional small-scale analysis. Acquisition of sequential planes of information in a serialsectioning process provides a three-dimensional data set. As depicted in Fig. 1 , the data acquisition is accomplished by illuminating a thin plane with a sheet of light and by imaging that plane with a sensitive camera. The illumination incident upon each plane is nonuniformly scattered and absorbed throughout the plane depending on the concentration and the composition of the particulate and the dissolved material in the plane. The light fluoresced by the Chl a within the illuminated plane is similarly scattered and absorbed along the path back to the camera. The camera image plane is located parallel to the sectioned planes. Spectral filtering before the image plane permits the acquisition of a discrete fluorescence signal independent of the other diverse scattering and fluorescence components of the inwater light field. A 685-nm narrow-band filter before the camera in this configuration allows only a Chl a fluorescence signal emitted roughly perpendicular from the illumination plane to be imaged.
Each pixel in every image plane corresponds to a small discrete volume element (voxel) in the volume that was imaged. The 685-nm fluorescence signal recorded in each camera-plane pixel is a function of the Chl a level in the corresponding voxel of the imaged volume and the unique set of attenuation characteristics along the illumination and the fluorescence paths to and from that voxel. As with other tomographic and medical imaging processes, reconstruction of the acquired data is required for data interpretation. In the technique that we propose an inverse method is used to calculate Chl a values for all voxels, and a reconstructed volume is presented that maps each voxel location to its original position in the imaged volume of water.
Volume Reconstruction Theory
A key aspect in the three-dimensional reconstruction of Chl a distributions in the underwater optical serial-sectioning technique is the correct modeling of the processes involved with the generation, the emission, and the recording of the underwater fluorescence signal. As shown in Fig. 2 , these processes can be organized into three separate steps: the propagation of excitation light through an underwater medium, the intercellular Chl a processes associated with the excitation light absorption and fluorescence 
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Attenuation emission, and the propagation of the fluoresced light back to the imaging system. These steps are shown with respect to a conceptual model geometry in Fig. 3 . An arbitrarily selected differential volume, dV, located in plane k, receives fluorescence excitation irradiance along path R1 from the light source. Conversion of the excitation light to fluoresced light takes place in the Chl a contained within this small differential volume. Fluoresced light travels to the camera image plane along path R2. Each differential volume within plane k contributes to the image only that amount of fluoresced light that is accepted by the small solid angle formed by the camera lens along path R2. The full image of plane k that is recorded by the camera is the sum of the fluorescence contributions of all of the differential volumes that compose plane k.
The relationship for the attenuation of light in a homogenous medium in which the beam attenuation coefficient, c, is assumed constant along a path length r given by E = E 0 exp(-cr), (1) where the attenuation coefficient is composed of the absorption, a, and the scattering, b, properties of the water:
The absorption coefficient, a, is an inherent optical property and by definition can be expressed as the sum of various absorption process contributions. Contributing to the coefficient at a specific wavelength are absorptions that are due to pure water, aw, dissolved organic matter, aD, and particulate matter, ap 2 ': Absorption by paticulate material may be further divided into the contributions that are due to phytoplankton, a, and those that are due to mineral and organic detritus, ax. The non-chlorophyll-depen- ..xxA. ., Gg
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Building an expression based on Eq. (1) in terms of the model geometry, Eqs. (2) and (4), but expanding the expression to account for scattering and absorption, at the excitation wavelength, XE, whichvarycontinuously with spatial location along path RI, gives
EA represents the excitation irradiance received at dV in terms of source irradiance EOXE. The loss term LE represents the light losses in the illumination light path that are due to geometry, mirror scatter, and filter transmission. An expression similar to Eq. (5a) is developed for the fluorescence emission along path R2. One difference in Eq. (5b) for the emission path is that the fluorescence generated by the Chl a intracellular processes is spread across a band of wavelengths represented as AXF. The loss term, LF, accounts for the same factors as LE and the transmission filter narrowing of the fluorescence band to the single wavelength that is imaged by the camera, XF:
Linking these two expressions together within differential volume dV requires an expression that takes into account the absorption of the incident irradiance, the fluorescence conversion, and the fractional amount of fluoresced light at the imaging wavelength emitted along path R2. The absorption associated solely with the Chl a pigment in the biological matter in volume dV is given by a linear relationship involving the concentration of Chl a in milligrams of Chl a per cubic meter and an average value of the Chl a specific absorption coefficient at the excitation wavelength, aE, (square meters per milligram of Chl a).16 2 2 In any differential volume, dV, within the sample volume the Chl a absorption coefficient, a, can be represented as a(,$dV)XE = C(dV)acXE. (6) A fraction of the photons absorbed by the Chl a molecules is converted to energy in the molecule Photosystems with the remainder being released, predominantly in Photosystem II processes, as fluoresced light at wavelengths longer than those received.
The quantum yield of fluorescence, (Df, is defined as quanta fluoresced quanta absorbed (7) the ratio of the amount of energy fluoresced at all wavelengths from the Chl a molecule to the amount of energy absorbed at a specific wavelength.
The quanta fluoresced by the Chl a molecules are emitted at all angles from the incident irradiance. The volume fluorescence function 0,,(O, XE, XF) specifies the intensity of the fluoresced light at a specific angle from the source of illumination as the radiant intensity emitted in a band of wavelengths AXF in a direction 0 per unit volume divided by the incident irradiance, E, at wavelength XE:
NO, E, AXF) = dI(0, AXF) E(X\E)dV (8) A nondimensional factor P is developed from Eq. (8) to express the fraction of the fluoresced photons emitted from the differential volume, dV, in the solid angle accepted by the camera lens. For a single voxel in the volume the intercellular processes and consequently the conversion of incident irradiance to emission irradiance can be expressed with the absorption of the incident irradiance, Eq. (6), through the voxel length, Ax, the quantum yield of fluorescence, (Pf, and factorP: EA\F = ExACdv)acAx'f P. (9) An expression now for the generation and the emission of fluorescence from the source to the camera can be obtained by the combination and the simplification of Eqs. (5a), (5b), and (9). The expression for the attenuation alongpaths Ri and R2 identified in Eqs. (5a) and (5b) as a combination of absorption and scattering can be simplified with the evaluation of the scattering contribution in a point spread function (PSF) context. The fluoresced light from an arbitrary differential volume travels along path R2 and is blurred to a spot on the camera lens. This blurring is represented mathematically as the convolution of the PSF for the medium with the original source. The scattering function of seawater is sharply peaked in the forward direction predominantly because of the diffraction of light from the particulates in the seawater. In contrast to the photons that are absorbed and lost to the imaging process, a large portion of the photons that are forward scattered at small angles in this imaging application travel to the camera focal plane contributingto the image. Over a short path length, the PSF in this configuration approaches a delta function.
Similarly, for the fluorescence excitation process, almost all of the illumination light that is scattered is kept within illumination plane k of width Az. Calculations using open ocean scattering values show that for a 2-m path length and a 1-cm-wide illumination plane, less than 3% of the incident irradiance is scattered out of the desired plane. 2 3 The small amount of illumination light that is scattered out of the plane is absorbed in adjacent planes, which contributes to the generation of additional fluores-
From another point of view, for moderate numbers of attenuation lengths the scattering process can be viewed as a low-pass filter that modifies the excitation and the fluorescence emissions. Information about the three-dimensional distribution of the organisms should be retrievable from the recorded data as long as the three-dimensional resolution of the retrieved data set does not exceed the spatial resolution of the input data.
The composite equation for the imaging process is presented in Eq. (10). The total loss factor, L, combines the excitation and the fluorescence path losses LE and LF:
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The integral expressions in the exponents of Eq. (10) permit the calculation of continuous variation of absorption over the paths R1 and R2. The two absorption terms, a, (r, X) and at(r, X), are evaluated in a different manner. Equation (6) establishes the relationship between absorption and Chl a concentration, which is substituted directly into Eq. (10) for the a , (r, X) terms. For the at (r, X) terms, researchers have determined ranges in non-chlorophyll-dependent absorption values on large scales.10, 2 4 2 7 However, microscale (submeter) variations of the water and the dissolved organic and organic detritus absorption components have not been measured and are assumed to be relatively small over the short path lengths in this optical imaging application. The validity of this assumption still requires independent confirmation. For this effort, homogeneous distributions are assumed and the non-chlorophyll-dependent absorption terms, a (r, X), are expressed as an average wavelength-specific value multiplied by the respective path lengths. Completing the substitution and simplifying gives the expression
where incorporates the constants in Eq. (10) and the quantum efficiency, QE, of the camera:
P(dV) is the irradiance on the camera image plane from the fluorescence emission generated in dV. The units of (dV) are imaging events per second, which correspond directly to the digitized-count output from each pixel of the camera CCD chip during image acquisition. With the exception of camera noise, Eq. (11) represents the complete image-generation process depicted in Fig. 2 .
An approach to the solution of Eq. (11) can be best introduced with Fig. 4 . The ray paths R1 and R2 from Fig. 3 are represented as orthogonal rays in Fig.  4(a) within a discrete x-z plane. The incident irradiance is contained within the vertical plane of width Az. The camera focal-plane CCD array records the image of volume element dV of size Ax, Ay, and Az. Within the x-z plane shown in Fig. 4(b) , volume element dV has a center located at (xn, Zm). This treatment, with perfect plane-parallel illumination and a one-to-one mapping of the illuminated plane to the camera image plane, is only an approximation of the actual light paths. In actual experimentation the illumination rays are radially divergent in the y dimension from the source. Likewise the fluoresced light from the illuminated plane converges to the camera lens. For actual data reconstruction of large underwater volumes, divergent rays would be implemented following methods presented in medical imaging and tomography texts for converting between fan and parallel beams. 2 8 For simplicity the orthogonal treatment is considered for the remainder of this paper. Within any small volume element dVthe concentration of Chl a is assumed to be constant. Equation (11) can be rewritten with the coordinate geometry of Fig. 4 in a single x-z plane as
x exp|-a,), fC(x, z)dz' -atxF dz ]. (13) In this expression, IF(x, z) can be envisioned as a weighted version of the Chl a content of a discrete volume element, C(x, z):
with the limits on the double integrals equal to [xn-Ax/2 < x < x, + Ax/2 Zrn Az/2 < z < Zm + Az/2. (15) Assuming that the function C(x, z) is sufficiently well behaved, it can be evaluated as a piecewise continuous function over the entire x-z plane; i.e.,
C(x, z) = C(xi, zj),
xi -Ax/2 < x < xi + Ax/2, zj-Az/2 < z < zj + Az/2. Now, recalling the assumption of illumination with a finite Az stripe width and recording the image with a camera containing pixel width Ax, we can apply the superposition principle to a single voxel (x, Zm) in a plane, as presented in Fig. (4b) . The camera image response to the fluorescence generated in voxel (, Zm) can be represented as
Evaluating the single integrals inside the exponential terms, rearranging terms, and substituting in the change of variables
x" = x-(xn-Ax/2),
3028 APPLIED OPTICS / Vol. 33, No. 14 / 10 May 1994 (14) (20b) I with 0 < x" < Ax and 0 < z" < Az, yields f fP(Xn, zm)dxdz
The double integral on the right-hand side of Eq. (21) can be evaluated as within the imaging path lengths. This relationship holds for every voxel throughout a sample volume.
The development of a solution applicable for the analysis of large data sets necessitates the manipulation of Eq. (24) into a easily managed matrix format. Preparation of Eq. (24) for reconstruction operations is accomplished by rearrangement of terms and evaluation of the natural logarithm of both sides of the equation:
Assumingthat the attenuation in the small volume Ax by Az is negligible when compared with the rest of the path length, the following approximations can be made: 
Equation (24) presents the attenuation of the illuminationandthefluorescenceasapurelylinearsummationin the exponents dependent upon the Chla values ofvoxels
In a simple 3 x 3 example of the application of Eq. (26) (27) represents the natural logarithm of each CCD pixel response in imaging events per second converted to milligrams of Chl a per cubic meter:
I(X., Z.) = (28) The chlorophyll column vector, c, and the attenuation column vector, a, are defined as 
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Reconstruction Process Verification
Computer simulations of the underwater fluorescence image-formation and volume-reconstruction process were used to validate the development of the imaging model and the calculation of Chl a concentrations. Simulation calculations were performed with optical parameters from a proposed laboratory system. A sample volume size of 1 m 3 was selected with resolution of an individual voxel set at 2 cm x 2 cm x 2 cm. This simulation approximated a laboratory experimental hardware arrangement of a 2-cm-wide (Az) fluorescence excitation irradiance plane and an acquisition of 50 x 50 (2-cm Ax by 2-cm Ay) pixels per individual camera image plane. The assumption of plane-parallel excitation and recording as illustrated in Fig. 4 permits simulations to be computed independently for each x-z plane. Figure 5 computersimulation x-z planes match the orientation of the x-z plane in Fig. 4 and preserve the spatial arrangement in both the size and the location of the voxels. Verification of the matrix-format reconstruction solution, Eq. (26), required the analytic computation of an image vector i. Camera focal-plane image intensities (events per pixel) were calculated with the forward image-generation process before the attenuation approximations. A Chl a distribution was selected for the model input that roughly simulated estimated, naturally occurring phytoplankton patch concentrations and size. Artificial square patch geometries were selected for input to aid in numerical calculation, display, and confirmation of values. These predetermined Chl a values and actual hardware parameters were inserted into Eq. (21) with the integrals evaluated as shown in Eq. (22) to calculate an x-z plane of image events per pixel, the image vector i. Figure 5 (a) presents the vector i. The voxel-value axis perpendicular to the plane in Fig. 5(a) represents a range of camera imaging event values of roughly 20 to 400 events per pixel. Noticeable in Fig. 5(a) is a decrease in the number of imaging events per pixel in the positive z direction over constantconcentration Chl a patches. This decrease confirms the increasing attenuation over longer imaging path lengths. In addition to the sloping intensities in the z direction are decreases in intensities in the positive x direction. These variations are too small to be observed in the visually output display but are quantifiable in analysis of the individual pixel values. Physically, the small decrease in the positive x direction indicates a relatively uniform excitation irradiance distribution across vertical z planes. Incidence excitation absorption plays a role in the image development only if Chl a concentrations or the path length R1 increases significantly. The accuracy of the approximate computer solution of Eq. (26) was examined with statistical error analysis. Assuming a perfect model and an exact inverse, the inverse calculation for a specific voxel was run 1000 times, and the results were analyzed for mean, variance, and bias. An x-z input plane similar to Fig. 5(a) was modified by addition of a random-noise input to each pixel. Based on typical digital-camera electronic specifications, the noise value per pixel was generated as a normal distribution with a mean of 6.0 and a variance of 1.0. Only positive values were used to simulate the addition of electrical noise within the CCD array to the imaging pixel photoelectric signal. As with the previous simulation, predetermined Chl a concentrations were selected, and the image-plane values were calculated through a forward image-generation process. An input plane for the error analysis is shown in Fig. 6 with Chl a concentrations relatively low (0-0.2 mg Chl a/M 3 ) nearabackground of 0.1-mgChla/m 3 . Voxel (40, 50) of concentration 0.1 mg Chl a/M 3 in the x-z plane was selected as a worst case for analysis because of the long attenuation paths to and from the voxel. Values of error compound as the solution is computed in the sequential fashion. A histogram of concentration calculations is shown in Fig. 7 . The calculated mean after 1000 runs was 0.1001 mg Chl a/M 3 . The standard deviation was 0.0169. These values confirm an unbiased solution and also indicate the stability of the inverse volumetric reconstruction calculation process.
Biological Factors Discussion
A brief examination of the variation of the three intercellular fluorescence generation factors, a,(X), cDf, and PS, is required to evaluate the accuracy and the applicability of the volumetric Chl a concentration calculation for in situ analysis. The specific absorption coefficient and the quantum yield of fluorescence have been experimentally shown by other researchers to be variable, not constant, depending on variations Chl a pigment in the biological matter as a linear relationship between the concentration of Chl a and the value of the specific absorption coefficient at the excitation wavelength over the range of Chl a values used.
Complicating the in situ determination of Chl a specific absorption values are the numerous other absorbers including particulate detritus, which includes all nonliving cellular material, fecal pellets, heterotropic bacteria, and zooplankton and dissolved organics, particularly humic and fulvic acids. The presence of their diverse absorption spectra in natural waters obstructs direct measurements of phytoplankton Chl a absorption. Several techniques, including integrating spheres, microspectrophotometry, and flow cytometry, have been used over the years to obtain measurements of phytoplankton absorption independent of other absorbing material in the water. The diversity of measurement methods and experimental conditions has yielded phytoplankton-specific absorption coefficients of 0.006-0.092 m 2 (mg Chl a)-' for absorption in the blue-green region and values of 0.010-0.031 m 2 (mg Chl a)-' for absorption at the red end of the spectrum. 2 9 -3 Within this range the experimentally determined value of 0.023 m 2 (mg Chl a)-i was used in this development for calculations requiring aC(457.9), and 0.020 m 2 (mg Chl a)-' was used for aC(68,5). 34 In waters containing 0.5 mg Chl a/M 3 these specific absorption coefficients yield attenuation values of 0.0115 and 0.010 mi1, respectively. In comparison, attenuation values for the water alone, aw(X), are 0.0145 m-1 for 457.9 nm and 0.470 m-1 for 685 nm. 2 7 Addition of the dissolved organic, aD, and organic detritus, ax, attenuation components to the water component gave at(,) values of 0.030 mi1 for 457.9 nm and 0.60 m-for 685 nm, which were used in the formulation of the attenuation column vector, a, in Eq. (29) .25 Equation (7) defined the quantum yield of fluorescence, (Df. As mentioned above, this factor is directly dependent on cell physiological status. Published values for f vary over the range 0.005-0.10.3539 Although the environmental dependence of Of prevents a constant value from being assigned to the factor for all conditions, experimental data support determination of Of to a ± 0.01 accuracy for a defined set of physical parameters. Within the variation range, direct in situ measurements of cDf with natural fluorometers have yielded a Of value of 0.035, which is used in our study. 35 , 3 6 Profiling fluorometers take advantage of the emission of fluoresced light in a very specific geometry from in situ phytoplankton populations. Despite the inherent use of a specific angular value (90°) of the volume fluorescence function in these instruments, to our knowledge P,, has never been determined over all wavelengths and angles for particular water types. Conjecture about the shape of the function includes postulations from directional to highly polarized to spherically symmetric schemes. In standard fluorometer use, allowances for phytoplankton species and environmentally driven Chl a variations are made with a calibration process before in situ deployment. This calibration also accounts for the fixed 900 angle between the excitation illumination and fluorescence viewing in the unit.
In the theoretical development of the optical serial imaging method a spherical P,, function shape was assumed. Qualitatively the spherical shape can be interpreted as an emission of fluoresced light from a phytoplankton population that is distributed uniformly at all angles from the illumination source. The fluoresced light that is then received by the camera lens for imaging is a fraction of this sphere calculated as the ratio of the area of the camera lens to the area of the sphere at radius R2, as pictured in Fig. 3 . Our simplified treatment of P,3 is general enough to support modifications as detailed angular information on the function becomes available. The environmentally driven variations in the three intercellular fluorescence generation factors, a(X), 4Ff, and 3,~, prohibit a priori calculation of in situ Chl a concentrations directly from optical serial-sectioned fluorescence images. Elimination of the calculation uncertainty is accomplished with an optical imaging system calibration performed in a manner paralleling the accepted field-calibration procedure for standard fluorometers. Chl a concentrations in a water sample from a specific location are determined by an independent spectrofluorometer method. Comparisons of these values are made with optical image calculated Chl a concentrations. A calibration factor is then applied to match the measured (image) with the actual (spectrofluorometer) concentration values. The calibration factor is then used for calculations in all of the planes in the imaged volume. The use of a single calibration factor for all planes is justified on the basis of common phytoplankton species and physical adaptation throughout the limited (1-m 3 ) volume that the optical serial-sectioning technique can examine.
Conclusion
The volumetric reconstruction method presented has been shown to be effective in the determination of volumetric Chl a concentration distributions from underwater optical serial-sectioned fluorescence images. Error analysis supports the stability of the inverse solution. Computer simulation of the image formation and reconstruction process indicates that the underwater technique is practical for in situ determination and analysis of Chl a microstructure in cubic-meter water volumes. The technique supplies a new means to study biological and physical oceanographic phenomena and provides a basis for optical serial-sectioning volume reconstruction in similar applications.
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